• mRNA levels of JNK, p38 and ERK decreased in hyperthermia-treated neural tubes.
Introduction
NTDs are common congenital malformations. Neurulation is a fundamental embryogenesis event that culminates in the formation of the neural tube [1] [2] . NTDs are influenced by both environmental and genetic factors [3] . More than 80 mutations have been identified linked to different types of rodent NTDs, with more than 100 genes implicated in neural tube formation [4] .
Studies suggested the involvement of distinct molecular pathways in NTDs pathogenesis [5] .
MAPKs are required for many physiological processes. All eukaryotic cells possess multiple MAPKs pathways which coordinate and regulate nearly every cell process [6] . By far, the most extensively studied groups of mammalian MAPKs are ERK1/2, JNK and p38. ERK1 and ERK2 regulate a large variety of processes, such as cell survival and proliferation [7] . p38 MAPKs have also been proved to play roles in cell apoptosis and survival [8] . Much like p38 MAPKs, JNKs are strongly activated by various cellular stresses [9] .
HMGB1 is an important factor for brain development. The knockdown of HMGB1 in zebrafish resulted in severe defects in forebrain development [10] . We previously showed that HMGB1 closely associated with neurulation and NTDs induced by hyperthermia [11] . MEKK4 phosphorylates and activates MKK4/MKK7 and MKK3/MKK6, leading to the activation of JNK and p38, respectively [12] . Chi et al. [13] found that Mekk4-null embryos demonstrated highly penetrant neural tube defects and a loss of JNK and p38 activation, implying the important roles of JNK and p38 in neural tube formation. It has been reported that extracellular HMGB1 could activate MAPKs and transduce the signal inside neural and gliocyte cells [14] . Yu et al. found that heat stress could activate MAPKs signaling pathways [15] . The present study aims to investigate whether HMGB1 contributes to hyperthermia-induced NTDs through MAPKs pathway.
Materials and methods

Experimental animals and tissue preparation
Mature golden hamsters (Vital River Laboratory, Beijing, China) were crossbred, and the day when vaginal plug appeared was considered as day one of embryonic development (E1). Pregnant hamsters were randomly divided into NTDs and control groups. In golden hamster, neural tube development occurs from E8 to E10. For the NTDs groups, the hamsters were heated in a water bath at 42 • C for 20 min at 3:00 PM on E8 to establish hyperthermia induced NTDs animal model. For control, the hamsters were placed in a water bath at 37 • C for 20 min at 3:00 PM on E8 [16] .
Pregnant hamsters in NTDs and control groups were divided into four subgroups, respectively. At E8.5, E9, E9.5 and E10, pregnant hamsters in each subgroup were deeply anesthetized and the neural tube tissues of the embryos were rapidly removed under a dissection microscope and frozen immediately in liquid nitrogen. The neural tubes from the litters of the same mother were regarded as one sample for subsequent qPCR and western blot analyzes. For immunofluorescence analysis, embryos were fixed in 4% paraformaldehyde overnight at 4 • C and embedded in paraffin mounting medium before coronal sectioning into 5 m slices. All experiments were in accordance with Institutional Animal Care and Use Committee guidelines and the study was approved by Institutional Research Ethics Committee of Weifang Medical University.
RNA extraction and qPCR
Total RNA was extracted from the neural tube samples using TRIzol reagent according to the supplier's instructions (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized from 2 mg RNA with M-MuLV reverse transcriptase and random 18 oligo dT according to manufacturer's instructions (Takara, Otsu, Japan). The cDNA products were stored at −70 • C until use. Next, triplicate cDNA samples, approximately 50 ng of cDNA in a total volume 20 L with 10 M of each primer, were assessed for target mRNA levels by qPCR with SsoFast EvaGreen Supermix (BioRad Hercules, CA, USA) on a Bio-Rad IQ5 real-time PCR system. The primers used in the experiment were designed to span one or more intron(s) to prevent genomic DNA contamination and were synthesized by Takara. All assay efficiencies were monitored using a standard curve. The positive and negative controls were used to ensure the accuracy of the qPCR system. Target cDNA amplification was normalized to reference gene ␤-actin. Relative levels of target mRNA were calculated using the 2 − CT method. qPCR was performed with the following primers: F: CGCAA-GACCAGAGTGGCTATCAAGA, R: TCCGTCTCCATGAGGTCCTGAAC for ERK1; F: GTTGTTCCCAAACGCTGACTCCA, R: GCAATGGGCTCAT-CACTTGGGTC for ERK2; F: GCTGGTGATAGATGCGTCCAAAAG, R: TTCCACTCCTCTATTGTGTGCTCCC for JNK; F: GGGACCTAAAGC-CCAGCAACCT, R: GTGCATCCAATTCAGCATAATCTCG for p38; F: CGAAGAAGTGCTCAGAAAGGTGGAA, R: GGGCGATACTCAGAACA-GAACAAGAA for HMGB1; F: ACGTCGACATCCGCAAAGACCTC, R: TGATCTCCTTCTGCATCCGGTCA for ␤-actin.
Western blot
Neural tube tissues samples were homogenized at 4 • C in lysis buffer (50 mM pH 7.4 Tris-HCl, 50 mM NaCl, 1% Triton-100, 1 mM EDTA, pH 8.0, 100 g/ml PMSF and 1:1000 cocktail). Lysates were centrifuged at 12,000 × g for 15 min to obtain supernatant for western blot. Protein concentration was assayed with the Bradford dye-binding procedure. Proteins were separated by sodium dodecyl sulfate (SDS) gels electrophoresis and transferred to nitrocellulose membranes (Bio-Rad). After they were blocked with 5% milk in Tris-buffered saline containing Tween-20 at 20 • C for 1 h, membranes were blotted with Phospho-JNK1/2 rabbit monoclonal antibody (1:750, Cell Signaling Technology, USA), Phospho-p38 rabbit monoclonal antibody (1:750, Cell Signaling Technology, USA), Phospho-ERK1/2 rabbit monoclonal antibody (1:1000; Cell Signaling Technology, USA), HMGB1 rabbit monoclonal antibody (1:1000; Sigma-Aldrich, USA), or GAPDH rabbit monoclonal antibody (1:8000, Sigma, USA), followed by peroxidase-conjugated secondary antibodies (1:5000, Cell Signaling Technology, USA).
Then the analysis was conducted with a chemiluminescence detection kit (Applygen Technologies Inc., China) and protein band densities were analyzed using Quantity One 4.6.2 software (BioRad, USA).
Immunofluorescence
Sections were blocked in 10% normal goat serum for 1 h. Primary antibodies were applied overnight at 4 • C. The following primary antibodies were used at the suggested dilutions: rabbit anti-p-JNK1/2 IgG, rabbit anti-p-p38 IgG, rabbit anti-p-ERK1/2 IgG (all 1:150 from Cell Signaling Technology), or rabbit anti-HMGB1 IgG (1:180, Sigma-Aldrich). Immunofluorescence was visualized using Cy3 goat anti-rabbit IgG (1:150; Jackson Immunoresearch, West Grove, PA, USA), and sections were examined under an upright light microscope (Leica DM1000). As a negative control, primary antibody was replaced with PBS. Zones with specific immunoexpression were selected by random sampling of each of the images. Optical density measurements were presented as means ± SD.
Statistical analysis
The data were analyzed by SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Results were expressed as means ± SD and analyzed using t-test, and p < 0.05 was considered as statistical significance.
Results
JNK mRNA levels were downregulated at E8.5, E9 and E9.5 in the NTDs groups compared with control (Fig. 1A) , similar to p38 while there was a weak increase of p38 mRNA level at E10 in the NTDs groups (Fig. 1B) . ERK1 mRNA levels were downregulated at E10, with ERK2 mRNA levels downregulated at E8.5 and E9 in the NTDs groups (Fig. 1C-D) . HMGB1 mRNA levels were down-regulated in the NTDs groups compared with control, significantly at E9.5 and E10 time point (Fig. 1E) . Phosphorylated JNK1/2 was decreased at E8.5, E9, E9.5 and E10 in the NTDs groups compared with control ( Fig. 2A) , consistent with JNK mRNA variations. Levels of phosphorylated p38 were decreased at E9, E9.5 and E10 in the NTDs groups (Fig. 2B ). The phosphorylated p38 protein level changes were consistent with p38 mRNA except in the E10 group. Phosphorylated ERK1/2 protein levels were lower in the NTDs groups compared with control at E9, E9.5, and E10 (Fig. 2C) . HMGB1 protein levels were significantly decreased at E8.5, E9, E9.5, and E10 in the NTDs groups compared with control (Fig. 2D) . The staining intensity of immunofluorescence was weaker in NTDs groups compared with control (Fig. 3) .
Discussion
The failure of neural tube to close accurately at the right time during neurulation will result in NTDs [17] . Proper proliferation, migration, and differentiation of neural stem cells are important for the formation of neural tube [18] . JNK is implicated in facilitating neural tube closure and embryos lacking both JNK1 and JNK2 display profound neural tube closure defects due to failed neuronal apoptosis [19] [20] , indicating roles of JNK1 and JNK2 in apoptosis. The role of JNK3 in apoptosis was also established in JNK3 −/− mice [21] . JNK-specific inhibitors were shown to weaken the apoptosis of hepatocytes, sinusoidal endothelial cells and cardiomyocytes [22] [23] . JNK phosphorylation was reduced in pancreatic islets treated with heat shock and mild electrical stimulation [24] .
At birth, ERK1/2 double knockout mice demonstrate increased apoptotic cells and abnormal stem cell-like neurons. A further decreased neural progenitor cell proliferation was found in the ERK1/2 double knockout compared to the ERK2 conditional knockout mice [25] [26] . In normal cells, sustained ERK1/ERK2 activation is necessary for G1-to S-phase progression and is associated with the induction of positive cell cycle regulators and antiproliferative gene inactivation [27] . Upon extracellular stimulation, a significant proportion of ERK1/2 accumulates in the nucleus and induces physiological processes, such as proliferation and differentiation [28] . Our results indicated that hyperthermia inhibited ERK1/2 activation (Fig. 2C ) and phosphorylated ERK1/2 gradually transfered into the nucleus of neural tube with abnormal morphology around E9 (Fig. 3A) . p38 MAPK appears to play major roles in apoptosis and other stress responses. Abundant evidence for p38 involvement in apoptosis exists to date is based on concomitant activation of p38 and apoptosis induced by a variety of agents [29] [30] [31] .
It has been demonstrated that hyperthermia caused an increased activation of one or more components of ERK1/2, JNK and p38 in many other systems such as hyperthermic perfused Rana ridibunda heart [32] , Mytilus galloprovincialis gills [33] , multicellular prostate tumor spheroids [34] , Drosophila [35] and Caenorhabditis elegans [36] , demonstrating the proliferation promoting role of phosphorylated ERK1/2 and pro-apoptosis role of phosphorylated JNK and p38 responding to hyperthermia treatment. Phosphorylated ERK1/2, JNK and p38 in hyperthermiainduced defective neural tubes were all downregulated in the present study. Cells are programmed to a finite number of divisions and excess cells lost by apoptosis following heat exposure would not be replaced [37] . Thus the neural tube defects form due to excessive cell apoptosis or necrosis but finite cell proliferation. Increased cell apoptosis and decreased cell proliferation have been noted in the neuroepithelium of lumbo-sacral neural tubes of rat embryos with atRA-induced spina bifida aperta [38] . And the similar phenomenon was also observed in the NTDs formation induced by hyperthermia in golden hamster [39] . Furthermore, NTDs in embryos of several targeted mutant mouse strains lacking ApoB [40] , Bcl10 [41] , Mdm4 [42] or Tulp3 [43] function, as well as the Mekk4-null embryos [13] , were all proved associated with increased apoptosis. Excess apoptosis could result in insufficient numbers of cells to participate in the crucial morphogenetic movements underlying neural tube closure. Considering the downregulated phosphorylated JNK and p38, it can be inferred that the increased cell apoptosis during the hyperthermia induced NTDs formation in golden hamster was mediated by some other pathway(s) besides JNK or p38 since it has been suggested more than one cell death mechanism may act during development [44] .
Proper proliferation of neural stem cells (NSCs) is important for the formation of the neural tube [18] . The proliferation of NSCs can be influenced by various maternal factors such as growth factors, cytokines and teratogens, leading to the histogenesis alteration of neural tube [45] . Ichi et al. [17] found that folic acid (FA) mediated rescue of neural tube defects in Sp −/− (Splotch) embryos through promoting NSC proliferation at an early embryonic stage, which was attributed to ERK1/2 phosphorylation mediated cell proliferation by Zhang et al. [46] . Together with the aforementioned reports of decreased cell proliferations in the neuroepithelium of lumbo-sacral neural tubes of rat embryos with atRA-induced spina bifida aperta and hyperthermia induced defective neural tubes, decreased NSCs proliferation appears to be crucial for the formation of NTDs besides excess apoptosis. MAPKs plays important roles in HMGB1-mediated cytokine production, because recombinant HMGB1 induces phosphorylation of P38 and JNK MAP kinases [47] , the inhibition of which abrogates HMGB1-mediated cytokines production [48] . Using RNA interference method in vitro, we recently demonstrated that HMGB1 knockdown in NSCs inhibited the phosphorylation of ERK, JNK, and p38, abolishing the effect of MAPKs signaling pathways on cell proliferation [49] . Thus, the downregulated phosphorylated ERK1/2, JNK and p38 may be mediated by the downregulated HMGB1 in the present study in a similar manner and HMGB1 may contribute to hyperthermia induced NTDs formation in vivo through decreased cell proliferation due to the inhibited phosphorylated ERK1/2 MAPK, which needs further intensive investigations to verify.
In summary, the findings suggested that HMGB1 may contribute to hyperthermia induced NTDs formation in vivo through decreased cell proliferation due to inhibited phosphorylated ERK1/2 MAPKs.
